Prostaglandin endoperoxide H synthases (PGHSs) 1 and 2 convert arachidonic acid to prostaglandin H2 in the committed step of prostanoid biosynthesis. These enzymes are pharmacological targets of nonsteroidal antiinflammatory drugs and cyclooxygenase (COX) 2 inhibitors. Although PGHSs function as homodimers and each monomer has its own COX and peroxidase active sites, the question of whether there is cross-talk between monomers has remained unresolved. Here we describe two heterodimers in which a native subunit of human PGHS-2 has been coupled to a subunit having a defect within the COX active site at some distance from the dimer interface. Native͞G533A PGHS-2, a heterodimer with a COX-inactive subunit, had the same specific COX activity as the native homodimer. Native͞R120Q PGHS-2, a heterodimer in which both subunits can oxygenate arachidonic acid but in which the R120Q subunit cannot bind the COX inhibitor flurbiprofen, was inhibited by flurbiprofen to about the same extent as native PGHS-2. These results imply that native PGHS-2 exhibits half-ofsites reactivity. Isothermal titration calorimetry established that only one monomer of the native PGHS-2 homodimer binds flurbiprofen tightly. In short, binding of ligand to the COX site of one monomer alters its companion monomer so that it is unable to bind substrate or inhibitor. We conclude that PGHS monomers comprising a dimer, although identical in the resting enzyme, differ from one another during catalysis. The nonfunctioning subunit may provide structural support enabling its partner monomer to catalyze the COX reaction. This subunit complementarity may prove to be characteristic of other dimeric enzymes having tightly associated monomers.
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aspirin ͉ flurbiprofen ͉ heme ͉ ibuprofen ͉ prostaglandin P rostaglandin endoperoxide H synthases (PGHSs) 1 and 2 catalyze the committed step in prostaglandin biosynthesis (1) (2) (3) . They are both targets of nonsteroidal antiinflammatory drugs, and PGHS-2 is the target of cyclooxygenase (COX) 2 inhibitors (4, 5) . The enzymes have two catalytic activities: (i) a COX that converts arachidonic acid (AA) to a prostaglandin endoperoxide, prostaglandin G 2 (PGG 2 ), and (ii) a peroxidase (POX) that reduces PGG 2 to PGH 2 . Oxidation of the heme group at the POX active site by a peroxide is required to activate the COX by generating a tyrosyl radical at Tyr-385 at the COX active site (1-3). The Tyr-385 radical is involved in abstracting the hydrogen atom from the fatty acid substrate in the initial and rate-determining step in COX catalysis.
PGHS-1 and PGHS-2 function only as homodimers although each subunit has both a POX and a COX active site (1) (2) (3) 6) . It is not clear whether each monomer functions independently or whether cross-talk occurs between monomers comprising a dimer. Titrations of PGHS-1 with time-dependent COX inhibitors such as flurbiprofen (FBP) and indomethacin indicate that complete inhibition requires only one inhibitor molecule to be bound per dimer (7) . Other studies with PGHS-1 using low concentrations of PGHS-2-specific inhibitors in the presence of aspirin or indomethacin have suggested that there may be interactions between binding sites of the monomers (8-10).
To investigate interactions between PGHS monomers, we prepared and analyzed native and mutant human PGHS-2 (huPGHS-2) homodimers and heterodimers composed of a native monomer with either a G533A or an R120Q huPGHS-2 monomer. Gly-533 is at the distal end of the COX binding channel and plays a key role in aligning the 8 proS hydrogen of fatty acid substrates with the Tyr-385 radical involved in COX catalysis (11) . G533A mutants of PGHSs oxygenate fatty acids with low efficiencies (11) (12) (13) (14) (15) . Arg-120 is found near the mouth of the COX active site of PGHSs and is involved in binding the carboxyl group of fatty acid substrates (11, 16, 17 ). An R120Q huPGHS-2 mutant can oxygenate AA but not eicosapentaenoic acid (EPA) (18) ; furthermore, FBP is Ϸ1,000 times less potent as an inhibitor of R120Q huPGHS-2 than native huPGHS-2.
Results huPGHS-2 Heterodimers. Sf21 cells were infected with baculovirus constructs encoding (i) native huPGHS-2, (ii) mutant huPGHS-2, or (iii) both a native and a mutant subunit. The constructs were designed with a FLAG tag on the N terminus of the native monomers after removal of the signal peptide and a hexahistidine tag near the N terminus of the mutant subunit. After the proteins were expressed, the homo-and heterodimers were purified by using an appropriate combination of Ni-NTA affinity and anti-FLAG antibody chromatography. The samples were tested for purity by using antibodies to the 18-aa cassette of PGHS-2 (19) and to the FLAG and hexahistidine epitope tags. This is illustrated for the native͞native, R120Q͞R120Q, and native͞R120Q huPGHS-2 dimers in Fig. 1 . As expected, all of the enzyme forms were reactive with the anti-PGHS-2 antibody. The native͞native homodimer and native͞R120Q heterodimer were reactive with anti-FLAG antibodies. R120Q͞R120Q homodimers were reactive with anti-histidine antibodies.
For all experiments involving direct comparisons of specific COX and POX activities between native and heterodimeric huPGHS-2, densitometry was performed to estimate the ratio of the native to the mutant subunit in the heterodimer. This involved comparing the relative intensities of the native huPGHS-2 dimer and the heterodimer with anti-PGHS-2 and anti-FLAG antibodies. In all cases, the ratio of the staining intensity of the heterodimer with anti-FLAG antibodies versus anti-PGHS-2 antibodies was 50 Ϯ 5% of the ratio obtained with the FLAG-tagged native enzyme.
Kinetic Properties of huPGHS-2 Heterodimers. Consistent with previous, related observations (11) (12) (13) (14) (15) , the specific COX activity of the G533A huPGHS-2 homodimer with AA as the substrate was Ϸ5% of the specific activity of the native huPGHS-2 homodimer (Fig. 2) . Thus, we were surprised to find that the specific COX activity of the native͞G533A huPGHS-2 heterodimer averaged 97% of that of the native huPGHS-2 homodimer (Fig. 2) . Moreover, the K M values for AA with the native͞native huPGHS-2 and native͞G533A huPGHS-2 were both Ϸ5 M, the same as the value reported previously for native huPGHS-2 (20) . Finally, the POX activities of native͞native, G533A͞G533A, and native͞G533A huPGHS-2 were similar to one another.
The pattern of results observed with AA was not unique to this fatty acid. When the native͞G533A huPGHS-2 heterodimer was examined with two other, less efficient substrates, linoleic acid (18:2 6) and ␣-linolenic acid (18:3 3) (20), the heterodimer had COX activities that averaged 71% of native activity with linoleic acid and 88% of native activity with ␣-linolenic acid in three experiments (data not shown). The expected percent of specific activities for a heterodimer with one COX-active and one COX-inactive monomer were 50% and 52% for linoleic acid and ␣-linolenic acid, respectively.
The patterns of products formed from [1-14 C]AA by native͞ native huPGHS-2 and native͞G533A huPGHS-2 were indistinguishable when compared by using simple thin layer chromatography (21) with PGG 2 -derived products accounting for 95% of the oxygenated radioactive products (data not shown).
The results of the studies comparing different combinations of native and G533A huPGHS-2 monomers suggest that the COX active site of only one monomer of a PGHS dimer can function at any given time (i.e., half-of-sites reactivity).
It is known that the COX activity of PGHSs undergoes a suicide inactivation that is directly proportional to the number of turnovers (22) . Interestingly, the extent of the COX reaction per mole of enzyme was the same for both the native homodimer and the native͞mutant heterodimers. This finding suggests that suicide inactivation of one monomer of the native homodimer also leads to the loss of catalytic activity in the partner monomer.
Inhibition of huPGHS-2 Heterodimers. Microsomal preparations of the R120Q huPGHS-2 homodimer have Ͼ90% of the COXspecific activity of the native huPGHS-2 homodimer when AA is used as the substrate (18) . The specific activities of highly purified forms of R120Q͞R120Q huPGHS-2 and native͞R120Q huPGHS-2 were 87-90% of that of native͞native huPGHS-2 with AA and had comparable levels (80-110%) of POX activity (data not shown).
FBP is a nonsteroidal antiinflammatory drug of the 2-phenylpropionic acid class. It is an effective time-dependent inhibitor of huPGHS-2 (23) but has been found not to inhibit R120Q huPGHS-2 even at concentrations of 1 mM (18) . Nonetheless, FBP time-dependently inhibited the COX activities of both the native͞R120Q huPGHS-2 heterodimer and native͞native huPGHS-2 homodimer to similar extents (Ϸ29% and 18%, respectively) without inhibiting the R120Q͞R120Q homodimer (Fig. 3) . The small amount of COX activity (Ϸ18%) seen after pretreatment of the native͞native homodimer with FBP is attributable to the relatively rapid reversibility of this inhibitor (7, 23) . Simple additivity of inhibition predicts that FBP would Western transfer blotting of native͞native, R120Q͞R120Q, and native͞R120Q huPGHS-2. Homo-and heterodimeric proteins were expressed and purified as described in Materials and Methods. Purified protein (1-2.5 g) was subjected to Western transfer blotting by using (i) an anti-peptide antibody to the 18-aa cassette of PGHS-2, (ii) an anti-hexahistidine antibody, or (iii) an anti-FLAG antibody. In this particular experiment, a small amount of anti-histidine immunoreactivity attributable to a small amount of contamination by native͞R120Q huPGHS-2 heterodimer was detected in the preparation of native͞native huPGHS-2. The numbering of residues in huPGHS-2 follows the numbering system used for oPGHS-1 (25, 38) .
Fig. 2.
Relative specific COX and POX activities of native huPGHS-2 homodimer, native͞G533A huPGHS-2 heterodimer, and G533A͞G533A huPGHS-2 homodimer. COX activity was measured by using an oxygen electrode with 100 M AA as the substrate as described in Materials and Methods. POX activity was measured spectrophotometrically by using 0.1 mM H 2O2 and 4 mM guaiacol as substrates. Measurements were performed in triplicate, and the experiment was repeated three times with similar results. Activities were normalized to the milligram of enzyme protein as quantified by densitometry of Western blots. Fig. 3 . Inhibition of native huPGHS-2 homodimer, native͞R120Q huPGHS-2 heterodimer, and R120Q͞R120Q huPGHS-2 homodimer by FBP. Purified enzymes were preincubated with 1 mM FBP for 10 min, and an aliquot was removed and assayed immediately for COX activity with 100 M AA as the substrate. The final concentration of FBP in the COX assay mixture was 1 M. Each measurement was performed in duplicate, and the experiment was repeated three times with similar results.
cause 59% inhibition of the heterodimer in the experiment depicted in Fig. 3 . These results are in line with the notion that the binding of a single inhibitor molecule to one of the monomers is sufficient for the inhibition of dimer activity.
Physical Properties of the Native͞R120Q huPGHS-2 Heterodimer.
Studies performed with ovine PGHS-1 Ͼ20 years ago indicated that time-dependent inhibition of COX activity by inhibitors such as FBP and indomethacin involves the binding of only one inhibitor molecule per dimer to the holoenzyme (7). However, observation of the crystal structures of PGHS-1 and PGHS-2 dimers suggests that both subunits are identical and both bind substrates and inhibitors (14, 15, 17, 24, 25) . We performed differential scanning calorimetr y (DSC) on the native huPGHS-2 homodimer, the R120Q huPGHS-2 homodimer, and the native͞R120Q huPGHS-2 heterodimer in the presence and absence of FBP, a time-dependent COX inhibitor, and Sibuprofen (S-IBP), a simple competitive inhibitor, to determine whether we could obtain physical evidence for a nonuniformity of subunits (Fig. 4) . It should be noted that all experiments were performed in all cases with apoenzyme because adding stoichiometric amounts of heme in dimethyl sulfoxide had inconsistent effects on the melting curves attributable to even small amounts of this solvent. We also point out that the experiments were conducted with 0.1% C 10 E 6 detergent and that lower detergent concentrations led to marked broadening of the melting curves. The melting curve for native͞native huPGHS-2 (5 M) was approximately symmetrical with a melting temperature (T m ) of Ϸ53°C (Fig. 4A) ; melting was irreversible. A 10-fold molar excess of S-IBP (500 M) increased the T m values by Ϸ15°C and yielded an asymmetric melting curve (Fig. 4A) ; similar results were observed with FBP (data not shown). Without inhibitor, the R120Q huPGHS-2 homodimer exhibited a symmetrical melting profile but had a somewhat lower T m (Ϸ50°C) than the native enzyme (Fig. 4B) . Adding a 10-or 100-fold excess of S-IBP did not change the properties of the melting curve; again, similar results were obtained with FBP (data not shown). These results were expected because neither FBP (18) (Fig. 3) nor S-IBP (data not shown) inhibits the R120Q huPGHS-2 homodimer. The native͞R120Q huPGHS-2 heterodimer exhibited properties more closely resembling those of the native huPGHS-2 homodimer in the calorimetry experiments (Fig. 4C) . In the absence of inhibitor, a symmetrical peak was observed with a T m of Ϸ50°C. Addition of inhibitor to the heterodimer led to an asymmetric melting curve with a higher T m . In brief, the melting curves for the native huPGHS-2 and the native͞R120Q heterodimer were qualitatively similar with and without inhibitor and were asymmetric only in the presence of an inhibitor. These observations and the fact that an R120Q monomer would not be expected to bind FBP or S-IBP suggest that only one molecule of inhibitor binds per dimer in the native enzyme.
Finally, we examined the melting curves for native and R120Q homo-and heterodimers of huPGHS-2 in the presence of 50 M AA. In all cases, addition of AA caused a small shift in the melting curves (Ϸ4°C) but no pronounced changes in the shapes of the curves (data not shown).
Isothermal titration calorimetry (ITC) was performed to determine the stoichiometry of S-IBP and S-FBP native apohuPGHS-2 homodimers (Fig. 5) . In each case the stoichiometry was Ϸ0. Fig. 5 were performed by using apoenzyme, but similar results were obtained when the titrations were performed in the presence of 10 M hematin; this is consistent with the observation that heme has relatively little effect on the binding of inhibitors to native PGHS-2 (26). ITC was also performed with AA but with inconsistent results that we attributed to the detergent effects of AA on enzyme depleted of detergent in preparation for ITC. (24, 25) . Disruption of the interface occurs only under denaturing conditions that also perturb the major folding domains of the proteins and eliminate catalytic activity (6) . To detect possible interactions between PGHS monomers, we investigated the relationship between the monomers in two different huPGHS-2 heterodimers, native͞G533A huPGHS-2 and native͞R120Q huPGHS-2. The G533A mutation was chosen because these mutants have little COX activity with AA, linoleic acid, or ␣-linolenic acid but retain native POX activity (12, 13) . The R120Q monomer was used to generate heterodimers because the R120Q huPGHS-2 homodimer has COX kinetic properties similar to those of the native huPGHS-2 homodimer with AA, but, unlike native enzyme R120Q͞R120Q, huPGHS-2 is not inhibited effectively by FBP (18) .
Discussion

PGHS-1 and PGHS-2 are homodimers with an extensive interface and numerous potential interactions between monomers
As anticipated, all of the homodimers and heterodimers exhibited similar POX activities, but, unexpectedly, the COX activities of the heterodimers comprised of native͞G533A or native͞R120Q subunits had kinetic properties very similar to those of native enzyme and unlike those of the mutant subunits. For example, the native͞G533A heterodimer was able to oxygenate AA with an efficiency that approached that of native enzyme, and the native͞R120Q heterodimer was effectively inhibited by FBP in a time-dependent manner. The results of our kinetic studies implied that native huPGHS-2 exhibits half-ofsites reactivity (27) (28) (29) (30) (31) (32) (33) (34) (35) , with only one of the two COX active sites of a dimer catalyzing an oxygenation reaction at a given time. In addition, our results are consistent with earlier data with PGHS-1 suggesting that COX inhibition by standard nonsteroidal antiinflammatory drugs like FBP and indomethacin involves the binding of inhibitor to only one of the two COX sites comprising a PGHS dimer (7) . As a further test of this concept, we analyzed the effects of substrate and inhibitor binding on the physical properties of huPGHS-2 forms using calorimetry. Results from DSC suggested that binding of inhibitors by huPGHS-2 leads to two different and more stable folding domains, whereas there is a single, less stable entity in the absence of inhibitors. ITC provided direct evidence that huPGHS-2 exhibits high-affinity binding for only one inhibitor molecule per dimer. It should be noted that these experiments have also yielded the first equilibrium binding measurements of K D values for inhibitors with PGHSs. The K D values determined for the S-IBP and S-FBP are similar to previously reported K I values (5, 7, 23, 26) .
Crystal structures of PGHSs, most of which have been generated with PGHSs incubated in the presence of excess substrate or inhibitor, suggest that the monomers are identical. Our present results establish that the monomer structures do differ during catalysis, with one of the two PGHS subunits binding a substrate molecule and catalyzing its oxygenation. Because a dimer is required for catalysis, we suggest that the subunit that does not bind substrate plays an enabling role. The model shown in Fig. 6 illustrates our concepts about the events occurring during substrate binding. In the absence of substrate, monomers 1 and 2 are the same. Substrate binding causes a change in the monomer 2 active site that, in turn, alters the structure of a portion of monomer 2 where it interacts with monomer 1. This structural change at the interface between monomers 1 and 2 is sensed by monomer 1, leading to constriction of the monomer 1 COX site, thereby preventing substrate binding to monomer 1. As depicted in the final step in Fig. 6 , further changes in Before ligand binding, PGHS monomers are identical. However, as depicted in the first step, fatty acid or inhibitor binding to one monomer causes changes at the interface between monomers, which, in turn, lead to a change in the COX site of the second monomer that prevents ligand binding. In the second step (which occurs at least in the case of substrate binding), there are further rearrangements at the interface between monomers that foster oxygenase catalysis by the occupied monomer. monomer 1 affect another part of the interface between monomers 1 and 2, causing a change in the monomer 2 active site that molds it around the substrate and enables monomer 2 to oxygenate bound substrate. We imagine that a similar set of structural changes arises when monomer 2 binds an inhibitor. Moreover, we assume that monomers 1 and 2 are equivalent and that a monomer 1a-monomer 2x structure could form in which monomer 1 binds substrate or inhibitor.
Our data establish that, in the cases of S-IBP and S-FBP, huPGHS-2 binds only one inhibitor or substrate molecule with high affinity. There is indirect evidence that this is true for ovine PGHS-1 as well (7), and so we presume that this is a general property of both PGHS-1 and PGHS-2. However, there are several observations that raise the possibility that specific PGHS-2 inhibitors can reside on the PGHS-1 inactive monomer without altering the activity of the substrate-bound monomer (8, 36) .
As alluded to earlier, there are numerous examples of proteins that function as dimers and some examples of half-of-sites reactivity (27) (28) (29) (30) (31) (32) (33) (34) (35) , but, in most cases, the nature of the interaction between the monomers is unknown. We suggest that the subunit complementarity or partnering seen with huPGHS-2 may be a common feature of tightly associated monomers of homodimers.
Materials and Methods
Anti-PGHS-2 antibodies directed against the 18-aa insert unique to PGHS-2 were as described (19) . Anti-histidine, anti-FLAG antibodies and FLAG peptide, FLAG-affinity resin, hemin, and FBP were from Sigma. Horseradish POX-conjugated secondary antibody (goat anti-rabbit IgG and goat anti-mouse IgG) were from Bio-Rad. All nonradioactive fatty acids and S-FBP were from Cayman Chemical (Ann Arbor, MI). S-IBP was from Calbiochem. [1-14 C]AA (40-60 mCi͞mmol; 1 Ci ϭ 37 GBq) was purchased from NEN. Sf21 insect cells and AntibioticAntimycotic (100ϫ) culture medium were from Invitrogen. Oligonucleotide primers were purchased from Invitrogen or synthesized by the Macromolecular Structure, Sequencing, and Synthesis Facility at Michigan State University (East Lansing, MI); all DNA and N-terminal amino acid sequencing was also performed by this facility. Quantitative amino acid analysis was performed by the University of Michigan (Ann Arbor, MI) Protein Structure Facility. The FBS and HyQ SFX-Insect medium used for cell growth and protein expression were from HyClone. The nonionic detergent C 10 E 6 was from Anatrace (Maumee, OH). Ni-NTA Superflow resin was purchased from Qiagen (Valencia, CA). BCA protein reagent was from Pierce. All other reagents were from common commercial sources.
Preparation of a pFastBac Dual Vector Encoding FLAG-Tagged huPGHS-2. Starting with hexahistidine-tagged huPGHS-2 in pFastBac Dual vector (Invitrogen), site-directed mutagenesis was performed by using the Stratagene QuikChange mutagenesis kit according to the manufacturer's instructions and using the following oligonucleotide primers: 5Ј-CTCAGCCATAC-AGCA A ATGACTACAAGGACGACGACAAGCCT TGCT-GTTCCCACCCA-3Ј and 3Ј-GAGTCGGTATGTCGTTTA-CTGATGT TCCTGCTGCTGT TCGGA ACGACA AGGGT-GGGT-5Ј.
The mutation was confirmed by sequencing. The FLAGtagged huPGHS-2 insert in pFastBac Dual vector was removed by digestion with StuI and KpnI. This was subcloned into a pFastBac Dual vector that had been cleaved with SmaI and KpnI, thereby yielding FLAG-tagged huPGHS-2 in pFastBac Dual vector. Amino acid sequencing of the purified protein indicated that after cleavage of the signal peptide the N-terminal sequence was N-D-Y-K-D-D-D-K-P-C-C-S, whereas the Nterminal sequence of the native protein is A-N-P-C-C-S.
Preparation of pFastBac Dual Vectors Encoding Hexahistidine-Tagged
huPGHS-2 Mutants. G533A and R120Q mutations of huPGHS-2 were prepared by site-directed mutagenesis, starting with hexahistidine-tagged huPGHS-2 in pFastBac Dual vector and by using the Stratagene QuikChange mutagenesis kit. The presence of the mutations was confirmed by sequencing. The primers used to prepare the G533A and R120Q mutations were as follows: G533A, 5Ј-CATTCTCCTTGAAAGCACTTATGG-3Ј and 3Ј-GTAAGAGGAACTTTCGTGAATACCC-5Ј; R120Q, 5Ј-GTGT TGACATCCCAATCACAT T TGAT TG-3Ј and 3Ј-CAATCAATGTGATTGGGATGTCAACAC-5Ј.
Amino acid sequencing of the purified protein R120Q huPGHS-2 indicated that after cleavage of the signal peptide the N-terminal sequence was N-H-H-H-H-H-H-P-C.
Preparation of pFastBac Dual Vectors Encoding Native͞Mutant
huPGHS-2 Heterodimers. Mutated hexahistidine-tagged huPGHS-2 in pFastBac Dual vector was digested with HindIII and EcoRI, and the insert was subcloned into pFastBac Dual vector, which had been cleaved with the same restriction enzymes. A combined construct encoding both FLAG-tagged native huPGHS-2 and a mutant hexahistidine-tagged huPGHS-2 was created by digesting the FLAG-tagged huPGHS-2 in pFastBac Dual vector and the mutated hexahistidine-tagged huPGHS-2 in pFastBac Dual vector with EcoRI and HindIII. The hexahistidine-tagged mutant huPGHS-2 was then subcloned into the pFastBac Dual vector containing the FLAG-tagged native huPGHS-2. The correct orientation of the insert was confirmed by restriction digestion.
Transfection and Expression of Baculovirus in Sf21
Insect Cells. By following the Life Technologies (Grand Island, NY) Bac-to-Bac expression system protocol, bacmid DNA was generated and used to transfect Sf21 insect cells. Virus was harvested and used to infect the cultures of Sf21 cells. After 72-96 h of infection, the cells were collected and used to purify protein (22) .
Purification of huPGHS-2 Heterodimers from Sf21
Insect Cells. Sf21 cell pellets were resuspended in Ni-solubilization buffer (25 mM sodium phosphate and 100 mM NaCl, pH 7.4) containing Complete EDTA-Free Protease Inhibitor (Roche Applied Science). The enzyme was solubilized with C 10 E 6 (0.8% vol͞ vol), and insoluble material was removed by centrifugation. The solubilized supernatant was purified by using chromatography on fast-f low Ni-NTA resin (Qiagen). The Ni-NTA f low-through fraction containing FLAG͞FLAG-tagged homodimers was further purified by FLAG-affinity chromatography by using FLAG-affinity resin (Sigma) following the manufacturer's protocols. Bound protein was eluted with five column volumes of FLAG peptide (100 g͞ml) in Trisbuffered saline, and the eluant was concentrated to Ϸ1 ml by using a Millipore centrifugal filter with a cutoff molecular weight of 50,000. The imidazole eluant from the Ni-NTA column was also subjected to FLAG-affinity chromatography to isolate the FLAG͞hexahistidine-tagged heterodimers.
The yields of histidine͞histidine-tagged mutant homodimers from cells infected with virus encoding both native and mutant enzymes were low. Therefore, when larger amounts of hexahistidine-tagged mutant homodimers were required (e.g., for calorimetry), the mutant proteins were expressed independently in Sf21 cells and purified by Ni-NTA column chromatography followed by chromatography on a HiTrap Q column as detailed (22) . Protein concentrations were determined by using the BCA reagent (Pierce) with BSA as a standard.
Western Transfer Blotting. Western transfer blotting was performed as described (19) by using anti-histidine antibody (1:1,000 dilution), anti-FLAG antibody (1:10,000 dilution), or an
